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First, note that the generslized singular value decom-
positions used in the algorithm can be avoided aito-
géther. The GSVD performed to obtain Ez can be
replaced by 3 sumdard SVD by first performing a
Mahslanobis raasformation oo the measurements, i.c..
Z~2~1Z, to whiten the voise. Furthermore, the sec-
ond SVD can be climinated sltogether and replaced by
a generalized eigendecomposition of

({Ext = Exi1Exi - Evi.36)

which can, in turn, be reduced to 2 standard eigenprob-
lem. However, since the matrix being decomposed is
mx2d, unless > >1d these is little to be gained by
preferring an eigendecomposition unless hardware or
other extraneous factors dictaie the use of one over the
other. In any case, the approach is of same practical
interest since covariasce formulation is avoided. thus
potentially improving aumerical stability.
ARRAY CALIBRATION USING TLS ESPRIT

Using the TLS formulstion of ESPRIT, the array
manifold vectors associsted with each signal parameter
can be estimated directly t0 within an arbitrary scaie
factor. No assumption ing source covariance is
required. From equation (12), the eigenvectors of v are
given by E,=T-! This result can be used 1o obwuun
estimates of the array manifold vectors;

(51

| Ez8y « ATT-' = % |

TLS ESPRIT SIGNAL COPY

In many practical applications, not oaly are the signal
parameters of interest, but the signals as well. Estima-
tion of the signais as s fumetion of time from an esti-
mated DOA is termed sigual copy. The basic objective
is to estimate from the arrsy output the sigeal from a
particular DOA while rejecting all others. A weight
matrix W (i.e., a linear estimator) whose i column is a
weight vector that can be used to obtain an estimate of
the signal from the i* estimated DOA and reject those
from the other DOAS is given by

Wal,” EAErYI.~'Ed="E,"". ()

which can be seen as follows. From equation (12), it
follows that the right eigemavectors of ¥ equal T-1.
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Combining this fact with Ez= AT and substituting in $0

(14) vields
WemEy- Bz T~ Eg)~Ez* T~ m[A° L.~ 1A]-
A*3,~!. Since the optmal copy vector is clearly a
vector that is orthogonal to ail but one of the vectors in
the columns of A, noting that W*A = [ establishes the
desired cesult.

TLS ESPRIT SOURCE CORRELATION
ESTIMATION

There are several approaches that can be used to
estimate the source correlations. The most straightfor-
ward is t0 simply note that the optimal signal copy
matrix W removes the spetial correlation in the ob-
served measurements (ef. (14)). Thus,
WeCzzW =DSD* where S is the source correlstion
(not covanance) matnx, Czz=Rzz—-c3Z, and the
diagonal factor D accounts for arbitrary normalization
of the columns of W. Note that when Rzz must be

60
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estimated. a  manifestly rank d  esumate
CzzwEZAZO-GIJEZ* can be wused. where

AZD=diag{\, . . . Mg} and A;is 2 generalized eigen-
value of (Rzz.2,). Combining this with Ez=AT gives

DSD*wm TAZN =21 T (shH

If a gain pattern for one of the elements is known,
specifically if the gain g1(8s) is known for all 8, associ-
ated with sources whose power s (o be estimated, then
source power estimation is possible since the array man-
ifold vectors can now be obtained with proper scaling.

What is claimed is:

1. A method of detecting multiple signal sources and
estimating parameters thereof comprising the following
steps:

(a) providing an array of at least one group of a piu-
rality of signal sensor peirs, the sensors in each pair
beiag identical and the displacement between sen-
sors of each pair in a group being equal. thereby
defining two subarrays (X and Y),

(b) obuining signel measurements with the sensor
array 3o configured,

(c) processing said signal messurements from said
two subarrays (X and Y) to idestify the number of
sources and estimate parameters thereof, including
identifying eigenvalues from which source number
and parametsr estimates are based,

(d) soiving the signal copy problem and determining
array response (direction) vectors using the gener-
alized eigenvectors, and

() estimating the array geometry from the said array
response vectors.

2. The method as defined in claim 1 and further in-
cluding a variption to improve numerical charactenstics
using generalized singular value decompositions of data
matrices by:

(a) forming data matnices X and Y from the data from

the subarrays,

(b) computing the generalized singuilar vectors of the
matrix pair (X, Y) vielding X=U,I.V* and
Y= sztv.'

(c) then computing the eigenvalues of Z,-'U°L,Z2,
and locating those which lie on or near the unut
circle. the number of which corresponding to the
number of sources and the locations of which cor-
responding to the parameter esumates.

3. The method as defined by claim 1 wherein said step
of idenufying eigenvalues utilizes 2 total least-squares
algonthm.

4. The method as defined by claim 3 wherein said step
of identifying eigenvalues includes .

abuining an estimate of Rzz, denoted Rzz, from the
measurements availadle.

computing the generalized eigen-decomposition

RzzEmT EA

obtaining the signal subspace estimate Sz=span Ez
where

def Ex
E:wlifer ...l ef) =
Ey

compuung the eigen-decomposition
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Er '
Exrt Exr =| o, (ExiZy) = EAE".
s

partitioning E into d X d submatrices

: &y & -
En Eu |

calculating the eigenvaiues
Sar(-E12En~ ). Vkml. ..., 4

5. A methodd of locating signal sources and estimat-

ing source parsmeters comprising the following steps:

(a) providing an array of at least one group of a piu- 2
rality of signal sensor pairs, the sensors ia each pair
being identical and the displacement between sen-
sors of each pair in a group being equal, thereby
defining two subarrays (X and Y),

(b)obuiah;sipﬂmuwimthemrzs
array so configured, and

(c) procesting ssid signal measursments from said
two subarrays (X and Y) to identify the aumber of
sources and estimate parameters thereof, including
a generalized singular value decomposition of data %
matrices comprising
forming the matrix Z from the available measure-

ments,
computing the generalized singuiar value decom-
position (GSVD) of 3

15

{Z% Ia1*). UZ7E = v* 2oL digg{on(Z® 1.t%)

obuaining the signal subspace estimate Sz=span
Ez where

E,
& = I et """"“[z;]

45

computing the singulsr value decomposition

(SVD) of
{(£x i€ 241} = UZP~,
0
v, ¥;

Un{UriUh I = ding{e).. . .o} V= [y:: y:]

38

calculsting the eigenvalues of
SrmAi(~ VarVry~ ),

and
estimating the signal parameters 8, = f=($;). ©
6. For use in locating signal sources and estimating
source parameters, apparatus for measuring signals
from said sources comprising
an array of at least one group of a plurality of signal
sensor pairs for generating signals, the sensors in §s

4
each peir being ideatical and the displacement de-
twesa senuors of each pair in & group being equai,
thereby defising two subarrays (X and Y), and

signal processing means for processing said signals

from seid two subartays (X and Y) to id:=ntify the
oumber of sources and estimsate parameters thereof,
herein said Ngnal ;

processing means
obtains an estimate of Rzz, denoted Rzz, from the

measurements svailable,

10 -<computes the generalized eigen-decomposition

Rzl =T EA
obwims the signal subspace estimate Sz=span EZ
where

oot
& =Liiai.. | ui-[::
computes the eigendecomposition
&;
uﬂn‘:[ S’; ](5; |E1 = EAL®.

partitioss E into d X d submatrices

£ En En
-»

Eu En
caiculates the esigenvaiues

$rary~En8n-Y) Vkul.... 4

estisnases the signal parameters §i =0~ i(Dy).
7. Apperstus as defined by claim 6 wherein said signal

40 processing means

forms the matrix Z from the available measurements.
computes the GSVD of

(Z° 2.1}, U°Z°F « V* IVE diag{onZ° 2.1}

obtains the signal subspace estimate $z=R{Ez}.

Lialgfai . .|ed— [:;]

computes the SVD of {[Ex|Ey]Z4i}=UTV",

Vyx Vxy
Usw (UriUN. I = disg{e,. .owh Ve| .
Ve Vry

calculates the eigenvalues of

r=ri=VrrVry= i)

and

estimates the signal parameters 85 =(-'(dy).
. . [ ] ] L]
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The inventon reiswes generally to the field of signal
processing for signal reception and parsmeter estima.
tos. The invention has meny applications such as fre-
Qquency estimation and flltering, and array data process-
un&?oreoumodyappmofmnm-
vVention (0 seRSOr AITRY processing sre descridbed berein.

lassed by aa arTay of sensors. Unique to this invention is
that the semsor array geometry and individual semsor
charsceristios need a0t be known. Also, the invenuon
provides sebstastial advastages in computations and
NErags over prior methods. However, the semsors must
oocur ia pairs such that the paired elements are identical
encept {or 2 displacemment which is the samse for all pairs.
These clement pairs define two subarrays which are
identical except for 2 fized known displecement. The
signals must also bave s particular sructure which in
direction-of-arrival estimation applications manifests
inelf in the requirement that the waveffonts impinging
on the semsor array be planer. Once the sumber of sig-
sais and their parameters are estimasted, the array coun-
figurstion can be detsrmined and the signels individu.
ally extracted. The invencion is applicable ia the context

2\ \2

V. F. Pisarenko, Rewisval of Harmonics From a  of array data procsssing to a sumber of areas inciuding
Covariance Peactien”, J. Royel Astromomiscal  celiuier mobile communications, space aatennas, s0no-
Secsery, 1973, vol. 33, 347-366. buoys, towed arrays of aCOustC sensors, and structural
R. Schmidt, “A Signal Approach to Multipie  amalysis.
Emitter Location and Spectral Estimation”, Pi.D. Dis-
sertation, Stanford University, Nov. 1981, 3 Claims, 2 Drawiag Sheets
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METHOD FOR ESTIMATING SIGNAL SOURCE
LOCATIONS AND SIGNAL PARAMETERS USING
AN ARRAY OF SIGNAL SENSOR PAIRS

The U.S. Government has rights in the described and
claimed invention pursuent (o Department of Navy
Contract NO0014-85-K-0550 and Deparmnent of Army
Agreement No. DAAG29-85-K-0048.

BACKGROUND OF THE INVENTION

The inveatoa desctibed in this petent application
reistes to the problem of estimation of constant paramee-
ters of muitiple signels recsived by aa array of samsors ia
the pressncs of additive aoise. There are many physieal
problems of this type imginding disection fiading (DF)
wherein the signal passsissesrs of isterest are the direc-
tons-of-arrival (DOA's) of wavefronts impiaging ou aa
astenns array (cf. FIQ. 1), sad barmonic analysis in

15

which the parameusrs of itavest are the tempeoral fre- 20

quencies of sinusoids eonmined is & signal (waveform)
whchuuowwhm«auolw

simuitassousiy (e.g.. ssitsuthal sagie, clevation amgle
mwrm)-dmum-mm

rameters of interest age reqmired with 3 minimem of
compuiation snd NUNgs requirements. The velue of
any technique for obusiming i

signal suppression. poor resolution, and biased parame-
ter (DOA) estimates.

The first high resolution maethod to improve upon
conventionai beamforming was presented by Burg (J. P.
Burg. Maximum enwropy anailysis, In Proceed.
ings of the 31 4nnual International SEG Meeting. Okla-

sl of which need to be estimated 23

is

63

2

boms City, OK.. 1967). He proposed 10 extrapoiate the
array covanance funcuon beyond the few measured
bags, seiecting that extrapolation for which the entropy
of the signal is maumized. The Burg techmque gives
good resoiution but suffers from parameter bias and the
phenomenon referred t0 as line spiitting wherewn a sin-
gie source manifests itseif as a pair of closely spaced
peaks in the spectrum. These problems are attributable
to the musmodeling inherent in this method.

A different approach aimed at providing increased
perametar resolution was iatroduced by Capon (J. Ca-
pon, High resoiunon frequency wave number spectrum
amalysis, Proc. JEEE, 57: 1408-1418, 1969). His ap-
preach was 0 find 3 weight vector for combining the
outputs of all the sensor eiements that minimuzes ourput
power for ssch look direction while maswaung 2 unit
response to sighals arriving from this direction. Capon's
mehod hes difficuity in muitipsth eavironments and
offers oaly limited improvements in resolution.

A new of methods were introduced by Pisa-
reako (V. F. Pisarenko, The retrieval of harmorncs
from a covariaace function, Geopiyz J. Roye! Astronom-
iosl Sec. 33: 347-366, 1973) for 2 somewhat restricted
formulstion of the problem. These methods expioit the
sigenstructure of the ArTay covariance matrix. Schaudt
made important generalizations of Pisareako's idess to
arbitrary array/wavefroat geomsetries and source corre-
lstions in his Ph.D. thesis titled 4 Signa/ Subspace Ap-
prosch w0 Multipie Emitter Locstion and Spectral Estima-
fien, Suaford University, 198). Scheaidt's MUltipie
Sigeal Clamificacion (MUSIC) aigorithm correctly
modeled the underiying problem and therefore gener-
sted swperior estimates. In the ideal situation where
SMENSurement noise is abssat (Or equivaleady when an
infimite amoust of measurements are availabie), MUSIC
yislds exact estimates of the parameters and aiso offers
infinits resolution in that muitiple signais can be re-
solved regardiess of the proximaty of the signai parame-
ters. In the presence of noise and where only a finite
oumber of measurements are available, MUSIC esu-
mates are very nearly unbiased and efficient, and can
resoive closely speced signal parameters.

The MUSIC algorithm, often referred (0 as the eigen-
structure approach, is currently the most promising
high reseiwtion perameter estimstion method. How-
ever, MUSIC and the earlier methods of Burg and
Capou which are appiicsble (o arbitrary sensor array

suffer from cerain shoricomungs that

calibration can be quite high and the procedure 1s
semetimes impractical. Also. the amsociated storage
required for the array manifold is 2mi8 words (m 1s the
oumber of semeors. | is the number of search (gnd)
each dimension. and g is the number of dimen-
can become large even for simple applica-
example, 2 semsor array containing 20 eie-
mmmomnmmwuha [ milirad
resoiution ia azimuth and clevation and using 16 bat
words (2 bytes each) requires approximately 100 mega-
bytes of storage! This number increases exponentiaily as
another search dimension such as temporal {requency s

. N

i
ek
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F1G. 2 is a graphic representaton of a sumular prob-
lem in which the two sigmals are now umpinging on an
array of sensors pun ip sccordance with the wvennon.

DETAILED DE&SCRIPTION OF THE 10
DRAWINGS

mm.ummmmnc.m 15

SONSOT pairs sre 9y the same vector as indicuasd. 33
and that the nwmsber of SaNOr pairs excosds the oumber
of sources as is the cans is this example.

The performnsies of the inveatios is graphically illws-
trated in F1G. 3 which presenss the results of s simule-
tion performed accordiyg to the specifications of ES- «
PRIT. The simuiation obiwisted of an array with § dow-
mmr-mdmﬁmmm
a quarter nnm“m amym‘y
1‘:10 -~ i“ﬁuﬂ;'hl‘:em“‘
i aae 4
mma-mmwuw-m
m?m ‘ on the aTey &
angies 20°, 22°, ad 00", with of 10, 13 snd 16 &
relative 1o the sbdiiive gamIvelated 20iss present st the

Rs. It is alse robum 10 the numenical propervies of the
sigorithm used to estimate the generalized eigeaval- 83

ues.
2 ESPRIT dows aot reguire the estination of the aum-
ber of sOurcas prior (0 SOUrce parameter CstUNALon a

147
6
in the MUSIC algonthm, where an error in the esu-
mate of the number of sources can invalidate the
parameter ostimates. In accordance with the inven-
non, ESPRIT simuitaneously estimates the signal
parameters and the number of sources.

APPLICATIONS

There are 3 number of applications that expioit one or
more of the important features of ESPRIT, i.e.. its in-
sensitivity to array geometry, low computatuonal load
and oo storage requirements. Some of these are de-
scribed beiow.

1. Direction-of-Arrival Estimation
(s) Space Ansonss—Spacs structures are necessanly
light weight, very large and therefore fairly flexible.

Smail disturbances can cause the strecture to oscillate

for long periods of time resuiting in a sensor array

which is time-varying. Furthermore, 1t is
tmpossible to compiletaly calibrate such an
array as the suting up of a suitable faciity is not
prattical. Ou the other baad, the use of matched pars
of semsor dowbiets whoss digections are consuantly
sligned by 3 low-cost star-tracking servo resuits in
sl inseneitivity o the giobel geometry of the array.
Nots thet sigaal copy can still be performed. a func-
tioa which.is often a main objective of such large
spenshorns anteana arreys. 1o fact, a connected struc-
ture for the array is not required! Rather, only a col-

!

4
E
i
|
;
§

0 & spece station or beck 10 the earth for repair).
(b) Samobuoys—Sencbeoys are sir-dropped and scanter
somewhs: rendemly oo the ccesn surface. The cur-
rent methords of source logstion require compiete
kaowiedpe of the three dimensional geometry of the
depioyed array. The determinatios of the array ge-

Hovisoatal sligement can be obmined via 2 smail

servo dnd 3 miniature SOREOr (OF even use an
scomeic spectrel line from 3 beacon or the
wegee itelf). Wichin & few migutes after the sono-

mmm%mhmﬂaﬁm
entimates of DOA's bevome available. As
before, sigmel cOpy processing is siso feasible. Fur-
the 3000bEOY WMTRY geombetry can itseif be
detarmined should this be of interest.

(c) Towed Amy.s-_-'fhn comsist of a set of hydro-
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tonal requrements of the prior methods. ESPRIT
can drasucally reduce such requirements and still
provide good performance. This has parucular appii-
cability in the fieid of cellular mobile communications
where the number of simuitaneous users is limited due $
to finite bandwidth constraints and cross-talk (inter-
channel interference). Current techniques for incress-
ing the number of simuitaneous users expioit methods
of signal sepasation such as frequency, time agd code
division muitipiexing apart from the ares muitipiex- 10
ing inberent 1o the ceiluler concept. Using directional

ESPRIT frequeney estiates from suitably
sampled time sovies at & substantiaily reduced level of
over the praviess sethods.

clscwepis swvelllanse sppiicssicns. As 33

estimation of parumesers of fimies dimensional sigaal 43

array of ssssers. Theugh amily gmeralized 10 higher 33

band signal sets using comb filters.

0

8

Coasider s pianar amay of arbitrary geometry com-
possd of m masched sensor doublets whose ciements are
iranslationally separated by & known constant displace-
ment vector as shown in FIG. 2. The element character-
istios such as clement gain and phase pattern, poianza-
OB semMmtivity, ¢iC., may be arbitragy for each doublet
2 long as the clements are pairwise identical. Assume
there are d<m narrowband stationary zsro-mean
mmﬁuwmmdloaudmﬂ'-
ciently far from the array such thst in homogenous
sotrepic transmission media, the wevefronts impinging
oa the arrey are planar. Addisive noise is present at all
the 2m semsors and is assumed (0 be a stationary zero-
mesn rapdom process that is uncorrelated from sensor
0 semeor.

In evder 0 exploit the transletional invariaace prop-
md&ommy,nueuvuhtwdacnbezhe

(nat rocased) from each other by a kmown dispiscement
vaster. The sigaale received at the M doublet can then

be expremed as:

x40 = k! (1) ad0s) + aed) o
=]

"y - kgt Sr) SPRARINE 4£0,) 4 apfl)

whisre 5i(:) is the k* signal (wavefromt) as received at
ssmper 1 (the reference sensor) of the X subarray, Oy is
the disection of asrival of the k* source relative o the
disentisn of the trasslationsl displsssment vector, a(0:)
is the resposse of the A semeor of either subarray reia-
dve 0 its response st sensor 1 of the same subarray
when » single wavefront impinges at as angle 04, 4 is
the megnisede of the displacement vector between the
tWo arrays, ¢ is the speed of in the transmis-
iu-d-n.nxx)andn,.()mthcmvenmu
the ciemnents in the #* doublet for subarrays X and Y

rmmcmo{nbofmcmmme

twe subarrays, the received data vectors can be written
s follows:

MOm AR +ag()

AD®A®K)+ A gtk @
where: '

xT(Dm{xy(e) . . . 2ak)]

aal)m{an(n . .. aumitlh

ro=snm. .. reioh

ayT(Dminpy(n) . . . Ay} 3

The vector s(r) is s dX 1 vector of impinging signals
(wavefrosts) as obssrved at the refersmce semsor of
subarvay X. The matrix @ is & disgenal dx d matrix of
the phase delays between the doublet semsors for the 4
wavefroats, and can be writtes as:

CGuging(oos an f1/e gubh an base) T

Note that & is a unitary matrix (operstor) that relates
the messurements from subarray X to those from subar-
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ray Y. In the compiex fieid. ¥ is & simpie scaling opers-
tor. However, it is isomorphic (0 the real two-dimen-
sional rotation operstor and is herein referred t0 &8 &
rotation operstor. The m X & matrix A is the direction

macrix whose columns {a(@c), k=1, . .., d} are the
signal directuon vectors for the d wavefronts.
a0 m(arOs) . . .. auibV)) 6]
The auto-covariance of the data recsived by subarray 10
X is givea by:
Ryg o Elm(AX(D] = AZA® + 3L ]

where S is the ¢ X d covariance matrix of the signals o(r), |

ie,

S= Slsnun®] ™

and Y is given by:
Reys BuOp(Ir )| mAIO A", ®

ROTATIONALLY INVARIANT SUBSPACE
APPROACH

The besic ides behind the new techaigque is t0 expieic
mmmdmm-ﬂ»

mremaaby

r=[3 3]

to within s permsutation of the elements of ®.
Proof: Firm it is shown that ASA® is rank ¢ and R

L

has & multiplicity (m — ) of eigenvalues all equal 0 3. 53

From linear algebra.
HASA®) = (A LNS)) 4]

where o(-) desows the maak of the matrix argument. ¢

Assuming that the asvey geometry is such that there are
no ambigwition (st least over the anguler intarval where
signals are expected), the columns of the m x ¢ matrix A
are linearly independent and hencs p(A) =4, Also, sinoe

S is a dXd matrix sad is nonsingulsr, p(S)=d There- ¢

fore. p(ASA®)md amd consegquently ASA® will have
m-—d zero cigenvalues. ' ASA® + il will
have m~d minimum eigenvaiuves ail equal to o3, If

10
{(A1>A2> ... >Am} are the ordered eigenvalues of R .,
then

Adei® . mAmmcs i
Hence,
Res=AmumlmRez~ o ImASA® an
Now consider the matrix pencil
Ca=TRymASA® - YASO®A  u AS(] - YO )A": an

where Cor R~ Ana**l. By inspection, the column
spacs of bath ASA® and AS®®A° are identical. There-
fors, p(ASA® —~yAS®°A®) will in general be equal 10
& Howevaer, if

7_4“ - e {14

» the i row of (I —¢=04 an #/ed) will become zero. Thus,

M me™0h mn $/0g) puy ;. (1%

Cansequently, the peacil (C g~ YR ey) will also decrease
in rak 10 d—1 whenever vy assumes values given by
(14). However, by definition these are exactly the gen-
erslized ciganvaiues (GEV's) of the matrix peir {C..,
. Alilo, since both matrices ia the pair span the same
subipace. the GEV's corrasponding to the common null
spate of the two metrios will be ze190, i.e.. d GEV's lie
on the wit circle and are equai to the diagonal elements
of the roution marix O, aad the remaining m —d (equai
t0 the dimension of the common null spece) GEV's are
st the origis. This compiletes the proof of the theorem.
Ouce P is known, the DOA's can be calculated from:

fraarcnin (cOpks/mpd). 16)

Duwe 10 erTors in estimating Rz and Ro from finite data
as weil as errors introduced during the subsequent finite
precision computations, the relations in (9) and (11) will
muuacuymmmupuz.apwnreu
proposed which is not giobally opeimal. but utilizes
seme well esuablished, stepwise-optimal techniques to
deal with such issues.

Subspace Rotation Algorithm (ESPRIT)

The key sweps of the algorithm are:
1. Find the austo- and c¢rom-covariaace matrix esti-
mates R and R,y from the data
LW«MW«R,.MR"
and then estisaate the number of sources 4 and the
3. Compute rmmk d approximations 10 ASA® and
AS@*A® given &l
4, TthEV’softhtmd'ASA‘md
AS®*A* that lie close 10 the uait circie determune
the subspace rotation operitor ® and hence. the
DOA's.
Detnils of the aigorithm are now discussed.
Covariance Estimauon
In order 10 estimate the required covariances, obser-
vagions x(1;) and y(#) st time intervals (; are required.
Note that the subarrays must be sampled simulta-
neously. The maximum likelihood estimates (assuming
no underlying data model) of the auto- and cross-
covariance matnces are then given by
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: L an
Reg = wj_zl i)

N 1 Y
Ry » wj_z‘ HiKe).

The number of snapshots, N, nesded for an adequate
estimate of the covariamos metrices depends upon the
signai-t0-noite racio st the array input and the desired
socuracy of the DOA estimases. I the absancs of noise,
N>d is requiret in ordar % completely spea the sigmal
subspaces. In the presemon of noise, it bas bees shown
that N must be st leas m3. Typieally, if the SNR is
known, N is chossa such that the Frobemius sorm of the
muhanawumm

mdqa

5

1]

Duwe 10 arrors in Ro, its sigenvalues will be pertwrived 2

from their trwe vainm and the twe muitiplicity of the
misimal cigenveius Moy not de evidmmt A populw
spproach for dessrmining the usderilying sigmveles

multiplicity is an informuive theoretic method bused on 8

the minimum descripton leagth (MDL) criverion. The
catimate of the sumber of souress 4 is given by the valus
of k for which the following MDL functios is mimi-
mized:

\ (m= W an
m -
7 s
"m)--“ %— -
LN -l
4 0n - inegn:

is

where A are the cigenvaium of R.,. The MDL criterica 4©

is known to yield asympeotically consistent estimaces.
Note that since R and Ry both span the same sebapass
(of dimension o), s meshod that efficiently exploiss this
underiying model will yield betser resuits.

Having obained an estimms of ¢, the maximum Mieli- d

wmdﬁwﬂdumwm
average of the smaliest m—d cigenvalues ic.,

. ] I (4% ,]
¥ = n - i-iﬂh

Estimating ASA® and ASO°A*
U-;m:-lsmhmnp.nﬂ-ﬂ.

&3, is the meximem Frobesins sorm (F-norm) raak &

spproximation of Ry —d2l, ie.,

Cu= § G- i ®
where: (e, 82, . . . ¢} are Uhe sigenvectors correspond-
ing 0 the ordered sigsmvaiugs of R

Shnhtly.pmk.,dd.thmw
cstimate ASO*A” is the mazimum F-norm rank d ap-
pmnmoonofll.,

12

AS® A = il -kf’t,"e""; [P
-

where. (A7>A27> ... >AmP} and {17, 2. . . ..
¢m™} are the eigenvalues and the corresponding eigen-

veators of R,y
As m earlier, the information in R and Ry
can be joisitly expioited 10 improve the estimates of the
waderiying subipace and thersfore of the estimates of
ASA® and ASO®A*. In situasions where the array ge-
omrry (Le.. the manifold on which the columns of A
HiMMMahfmwumved.
but this is aot md here since no knowledge of the

IE
i
i |

" o~
hmmmdﬂcszmnqqe

( origin. The ¢ values near the
d'mmofoka The argu-

of the apprasimations 1o covarn-
al-m This approsch hes the dissdvantage that
s orror (pesticalerly underestimacion) in determtning d

may reswlt in sgvers bisses ia the final DOA estimates.
ma-mme&mumﬂwmnu
indupandent of d (.5, di= estimation of d and

IA's can be performed simsuitaseously. Simuis-
uﬂmmmm-uoumenow

4

mw in estimating 0. This implies that
the mak ¢ eanimpems of ASA® and AS®°A° can be
dupapend mﬁﬁW:mwyfm
um =31, Rep}. This results in the need

msatﬂtmammud
vﬂd mumﬂmﬂywmmmm

m‘“y simuitansously estimate d aad the param-
.lﬂ?ﬁﬁé. inserest is another advantage of ESPRIT over

mwmmm
|es Bast be made by arrays manifesting the the shift
Mmhhsmm For
cmmple, co-directionsl semor doublets are used to
wtimse DOA's in & plene (¢.g., aximuth) containing the
doubiet axes. Elevation angle is unobservabie with such
aB mTay as a direct consequence of the rouauonal sym-
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metry about the reference direction defined by the dou-
blet axes (cf. cones of ambigwity). If both azimuth and
elevation estimates are required, another par of subar-
rays (preferably orthogonai to the first pair) sensiuve to
elevation angle is necessary. Geometrically, this pro-
vides an independent sat of cones, and the intersactions

Bl
%gi-g;
it

THE
|

il
}

manifold lies on the manifold. resulting in

10

inability 10 dissinguish Sstwess the response due 0 two 63

sources and a third sowrce whoes array response is a
weightad sum of the responses of the first two. These
ambiguities manifest themseives in the same manner as

14
in MUSIC where they bring about a collapse of the
ugnal subspace dimensionality.

Finally, it should be noted that the doublet relsted
ambiguities present in ESPRIT do not cause any real
difficuities in practice. Indeed. it is precisely such ambi-
guities that ailow ESPRIT to separately solve the prob-
lemn in each dimension.

Array Response Estimation and Signal Copy

Estimation of Array Respesse (Direction) Vectors
Lat «; ba the generalinsd eigmavector (GEV) corre-
sigenvalue (GE) v: By
definition, ¢/ setisfles the reiation

A =y@)A‘y=0.

multiplying Cy: by ¢; yieids the desired result:

ceeeOinleO...,

c..;-m
0}/ waq o e mscaler x ai o133

The resuit can be normalized to make the response at
semsor 1 equal 0 unity, yielding:

“w Canti (25
/] uC-c;'
where um(1,0.0,...,0]".
Estimasion of Source Powers

Asouming that the sstimsted array response vectors
have besn normalized as described above (i.e.. unity
response at sensor 1), the source powers follow from
(24):

e p.fc.«‘z (26)
b
Neote that these estimate are ounly velid if semsor 1 is
’ _ .., hes the same respomse to 2 given

source in all directions. If this is not the case, the esti-
mates will be in error.

Estimation of Array Geometry

The array geometry can sow be found from {a} by
solving a set of linear equatinas. The minismuen sumber
of direction vectors nesded is equal 1o the number of
degress of fresdom in the semsor geomecry. If more
vettors are sveilable, a lusst squares fit can be used.
Nae that muitiple experisients are reguired in order to
seive for the array geometry, sincs for each dimension
in space sbout which array geometric information is
required, m direction vectors are required. However, in
order t0 obeain estimates of the direction vectors. no
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1. Introduction

The wireless communications industry is exploding. The intelligent antennas created by
ArrayComm, [nc. add a new dimension to the techaologies that will provide the foundation
for personal communication ia the 21st century.

In mobile communications applications, the technology has demonstrated its ability to
substantially reduce cost by decreasing the infrastructure needs of new systems. In addition,
the subscriber capacity of existiug and new systems is increased and interference reduced.
The technology can also benefit other high-growth fields such as wireless local-loops, point-
to-point distribution systems, transportation systeins, and space systeius.

Cellular communications is already a $23 billion/year industry worldwide and is the
fastest growth area in the electronics field. The industry is expected to grow to $100 billion
annually by the year 2000.

The advantages and improvements offarad by ArrayComm can accelerate this growth,
especially in emerging economic areas of the world that do not have sufficient wired network
capacity. Major US corporations are currently entering into agreements with the governments
of Third World countries and with Eastern European nations to install wireless cellular sys-
tems as the main telecommunications petwork throughout their respective countries. With

a finite number of service providers worldwide, ArrayComm’s technology is expected to be
adopted quickly.

2. Historical Background

From the later part of the 1970s through the mid 1980s, Dr. Richard Roy, as part of a
team at Stanford University, developed the mathematical uaderpinnings of the technology he
later camed SDMA. Meanwhile, over the last decade, the wircless communication market has
developed and grown to such & point that the need for the new technology has become acute.
In order to meet the need, Dr. Roy assembled a management team of high-quality tclecom-
munications executives, internationally known communications marketing professionals, and
expert legal and financial counsel, and ArrayComm was formed in April 1992.

3. Business Areas

As mentioned, the principal fields and applications for SDMA technology include but are
pot limited to wireless telecommunications networks such as:

o Personal communication services (PCS)

¢ Cellular mobile communication systems

e Wireless local loop

o Acknowledgement paging systems

e Air-to-ground (airphone) communication systems

1
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Special Mobile Radio (SMR)
Private Land Mobile Radio (PLMR)

Wireless local area computer networks

Personal digital assistants communication systems

e Satellite communication systems

While ArrayComm's SDMA is a genuine, proven techoological breakthrough with im-
portant implications in each of these areas, the most immediate application allowing the
largest commercial putential relates to communication systewns such as cellulac telepbone
and personal commuaication systems.

Current telecommunication systemas contain inherent limitations with regard to capacity.
As more and more users join the system, the frequencies simply become crowded. Wireless
units transmitting on the same channel cannot be resolvad by the raceiver since there is no
way of distinguishing signals that share the same frequency. The result to the end user is
dropped calls, poor reception. intetference (cross-talk) and noise.

SDMA eftectively combats these problems. By implementing the new technology, telecom-
munications systems realize substantial increases in capacity, and moreover, quality is also
greatly improved. Consequently, the mobile unit transmitted power caa be reduced, resulting
in longer battery life.

As noted, the technology is compatible with current technologies, both digital
and analog, and with equipment now in use. In addition, implemeatation can occur
on a cell by cell basis, where and as needed, and with a relatively low capital cost since no
exotic hardware is required.

The technology is also suited to new wireless system deployment. The flexibility afforded
to systemn designers is advantageous, aad the resultant cost benefits are substantial. Pre-
liminary calculations for deploymeul of PCS systems utilizing the technology, for example,
indicate a cost-savings on the order of 50%. Similar savings are projected for new wireless
local-loop, paging and air-to-ground services to be deployed over the next decade.

The technology offered by ArrayComm is protected by two current US patents while two
others are pending.

4. Management and Operations

Located at the heart of Silicon Valley in Santa Claca, CA, ArrayComm has ready access to
a lazge pool of technical and manpower resources. ArrayComm’s engineering team is led by
Drs. Roy and Barratt, and includes experts in various areas of signal processing technology.
ArrayComm's managemment team is led by Martin Cooper, who with 35 years in the field is
one of the best known personalities in the industry.

ArrayComm is forming a European subsidiary, ArrayComm Europa, which will be headed
by Mr. Maurice Remy, who most recently headed Matra Communications, a large European
telecommunications company. ArrayComm Europa will be responsible for pursuing the
various opportunities afforded by the technology in Europe.

2
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The credentials and intcraational recognition of its technical and maoagement teams
coupled with the unique benefits of its technology places ArrayComm at the cutting edge
of telecommunications and signal processing technology. This will allow it to continue to
establish joint-ventures or strategic alliances with major manufacturing and operating firms.

5. Accomplishments and Outiook

During the past eighteen months, ArrayComm has:

o developed a wide range of domestic and international contacts with telecommunication
equipment manufacturers aud service operators. These contacts have already led to
written statements of interests from such European and American manufacturers and
from sevoral major cellular providers.

o completed a proof-of-concept demonstration that illustrates the capabilities of the In-
telliCell intelligent antenna based on SDMA.

o filed two patent applications in addition to the basic patents to which it has exclusive
tights.

¢ financed the above through private groups rather than from industry sources, io order
to maintain its independence.

ArrayComm’s basic business strategy includes the protection of its capital resources
through a strategy of joiat venturcs, liccnsing, and co-devclopment. One or more of these
relationships is expected to be established in the coming months.

For more information on the future of ArrayComm,
contact Arnaud Saffari at (408) 583-9080.

LT
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ArrayComm, Inc.’s Msnagement

ArrayComm consists of an experienced and high-powered management group, headed by Martin
Cooper one of the pionsers of radio-telephony in the United States, combined with s top-flight
technical team beaded by Dr. Richard Roy, the primary inventor of SDMA. The Company has
recently bolstered its management and technical capabilities by enlisting the assistance of several
experienced outside directors and the members of its Techaical Advisory Board. The Company
strives to ensure a smooth and controlied decision-making process and to allow the technical team
the ability to concentrate its effarts on the primary tasks of developing the Company's technology
and providing service to its partners and clients.

Beaide 2 Board of Directors, including five outside directers, and the operational sections in Santa
Clars, various units have been formed to assist the company in its strategic development:

- A Technical Advisory Board includes luminaries from industry and academia such as
Dr. William J. Perry, Secretary of Defense (on leave), and Professor Stephen Boyd of
Stanford Univeruity.

- A Buropean uait, which will be the core of the future European subsidiary, led by M.
Maurice Remy, member of the Board of Directars and Mr, Georges Kasparian.

Management Biographies

Martin Cooper, Chairman of the Board and CEO Martin Coaper is also chairman of Spatial
Communications, Inc., Cellular Pay Phons, Inc., snd Dyas, Inc. and serves on the boards of
several other companies. He is widely recognised ss s pianeer in the personal communications
industry and as an innoveter in the mansgament of research and development. He is an inventor
who introduced in 1973 the first poriable cellular radiotelephone, and is widely regarded as the
father of cellular telephony. Mr. Cooper has wide industry experience including both in large
corporate settings, and in successful sntreprensurial "start-up” contexts. Mr, Cooper founded and
managed Cellule Business Systems, Inc. (CBSI), grewing it to become the industry leader in
cellular billing with s market share of approximately 73%, and selling the company to Cincinnati
Bell. (Before its acquisidon, CBSI provided billing and management services to most cellular
companies in the U.S.)

Before that, he was Corperats Director of Ressarch and Development for Motorals, Inc.,
responsible for the crestioa and stimulation of mchaolegy throughout Motorola. He joined
Motarola in 1954 as a research engineer and advanesd through & number of engineering and
management positions befare becoming a corperste officer in 1969 and vice president and goneral
manager of the Commuaications Systems Division in 1977. During his 29 years at Motorola, Mr.
Cooper oversaw the creation of & number of majec businssses including high-capecity paging
with annual sales in 1990 over $600 million, trunked mobile radio systems (known as SMRS) with
annual sales over $1 billion, and cellular radio telapheny with annual sales over $1 billion.
Products introduced by Mr. Cooper have had cumulative sales volume of over $7 billion. While at
Motorola, he had top secret clearances while participating in and managing highly classified
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government development programs. He advised the Motorola Foundation in its charitable
endowments and contributions. managed its central research laboratories, and was Motorola's
technology leader.

Mr. Cooper has been involved in industry and government efforts to allocate new radio frequency
spectrum for the land mobile radio services and has boen granted six patents in the
communications field. He has been widely published on various aspects of communications
technology and on management of research and development. Mr. Cooper is & graduate of the
[linois Institute of Technology with bachslors and mesters degrees in electrical enginesring. He is
a Pellow of the Institute of Blectrical and Hlectronic Eingineers and of the Radio Club of America
and is 8 member of BETA Kappe Nu (slectrical enginesring honorary) and Rho BEpsilon (radio
engineering honorary). He served in various officss of the Vehicular Technology Society of the
IEEE and was president of the society in 1972 and 1973. Mr. Cooper was awarded the IEEE
Centennial Modal in 1984. Mr, Cooper has served on technical committees of the Electroaic
Industries Association and the National Ressarch Council as well as numerous industry and civic
goups. He is a Distinguished Lacturer for the National Blectronics Consortium and serves on its
Board of Directors.

Richard H. Roy, President, Director Dr, Roy is the lead inventor of SDMA techaclogy. Dr.
Roy has boen associsted with Stanford University sincs 1972 and was granted an MSBE and o
Ph.D. from that school. Prior t0 this he was granted a BS ia Physics and Electrical Enginesring
from the Massachusetts Insdtuss of Technology. His prefessional experience includes [198S--
1987] research sciemtist for Integrated Systems, Inc., [1983--1985] research scientist with
MacLeod Laboratories, [ne., [1975--1984] senior member of the technical staff of ESL, Inc..
involved in the development of state-of-the-art techaiques in estimation, identification, real-time
signal proocessing and infarmation extraction and sdaptive control for various serospace
applicstions. His fields of research have focused on multidimensional signal parameder sstimation,
signal processing theory, and adaptive algorithms. He is widely published internationally, has been
invited to speak at conferences sround the world, and has been granted two patents in connection
with the development of SDMA.

Arnaud Seffari, Vice President Marketing and COO Mr, Saffari was granted an MSEE from
Ecole Supericure d'Electricits d¢ Paris, France. Sinee spending six years setting-up and runaing a
major broadcasting netwark in the Middle-Bast, Mr. Seffari has been an independent international
marketing consultant for the past twenty years. He has suceessfully organized the development,
award snd management of major international projects and coatracts ranging from $15 million to
385 million for U.S. and Burepean clienws. His U.S. clisats have included General Electric Space
Division, Westinghouse Government Systems Division, Grangar Aswociates, Arthur D, Littie, and
Telemation. Among his past and present Buropean clisats are Thomeon-CSF, CIT-Alcatel,
Alcatel Espace, Robert Bosch Gmbh, Rohde and Schwarz, CGT1, Drusch, Cremer, Camusat
S.A., Rank, and EMI. My. Saffari has successfully managed various larges high-tech businesses
with staff under him as large as 1100 persons, and has bad bottom line responsibility for these
arganizations. Mr, Saffari has suthored eeveral publications on Porecasting of Communications
Technalogy and Price Modeling.
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Craig Barralt, Vice President, Engineering Dr. Barstt was granted MSEE and Ph.D. degroes
from Stanford University. Prior to thess, he was granted 2 BE (Honors) in Electrical Engineering
and s BS in Pure Mathematics and Physics from Sydney University (Australia). He has extensive
R&D experisnoe in slectronics, computer systems hardware and software, and signal processing,
acquired with several Silican Valley firms including Resensx, Inc., where he had been System
Architect for « whols bady magnetic resonance imaging (MRI) machine. From 1978 uatil moving
to the U.S. in 1984, Dr. Barvatt also had exteasive experisnce as & hardware engineer for several
Australian firms where he designed, prototyped, snd maneged through to production several
computer systems and peripherals. Dr. Barratt has also taught graduate Blectrical Engineering
courees at Stanford University.

Maurice Remy, Director Mr. Maurice Remy is & graduate of France's prestigious Beole
- Polytechnique. After & long career in the technioal servisss of France's Radio and TV broadcasting
networks (ORTF), Mr, Remy hesded for several years the Central Research Laboratories of
ORTP, then was appointed Chairman and CBO of Telediffusion de France, the integrated French
talevision ransmission organization scrving all netwerks. In 1983, Mr. Remy was recruited by
Matrs Group, one of France's foremost technology groups, to head its fledgling
telscommunications company, Matra Communications. Over the span of nine years st Mawrs, until
his retirement in lats 1992, Mr. Remy built Matra Cemmunications into one of the best known
and strongest telephone and cellular systems manufacturers in Europe with sales of $1.3 billica,

Georges Kasparian, VP Marketing Europe Mr. Kasparian was granmd an MSEE from Ecols
Superieure d'Blectricite de Puris, France. Mr. Kaspesias has spent over 30 years working for

- major European elecwonics firms in ssnior sales and macisting positions. He was in succession
sales manager for government electronics at Philips, Deputy Director of Sales for Thomson-CSR
Broadcast Bquipment Division, with worldwide responsibilities, Vice President of Intemational
Marketing and Sales for Matra Internstional Division, and Regiocnal Vice-President for Alcatel
Trade International. Since 1968, Mr. Kasparian has very suocessfully pursued an independent

~ practice as an International Marketing Consultant on Electronic Systems for major Buropean

companies.

Mario M. Rosati, Esq., Director, General Counssl Mr. Rosati is s member in the Palo Alto,
Califarnia law firm of Wilsoa, Sonsini, Goodrich aad Resati and has been with the firm since
1971. Mr. Rosati recsived his law degree from Bolt Hall, University of California, Berkeley. Mr.
Rosati specializes in carporate law, especially as it relates to high technology cornpanies. He is a
director of the following California firms: Genus, Inc., Aehr Test Systems, Pro-Log Corporation,
CATS Software, Inc.. and Tulip Memory Syssms. In addition, he is counse! for s number of
corporations including Sierrs Semiconductor, Genpbarm International, Inc., Menlo Care, Inc.,
Vivus, Inc., Ross Systems, Viewstar Corporation, and Cell Geneays.
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